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THERMAL WAVE MEA SURING METHOD^ 

The invention is directed to a fast, contact-free, geometrical as well as 
thermal characterization of a planar multi-layer structure. Measurements with respect 
thereto are in demand, for example, in automotive multi-coat lacquering. The 
category of thermal wave measuring methods are known, for example, under the 
designations heat sources, photothermal and photoacoustic methods or lock-in 
thermography. 

Methods that, for example, pass by the name "photothermal measuring 
methods, thermal wave measuring methods or lock-in thermography" belong to the 
Prior Art. Therein, a material to be tested and having a superficial layer structure is 
heated periodically and in regions with a heat source. The heating must be capable of 
being modulated, so that an amplitude modulation is present. The modulation 
frequencies of the heating can thus be sequentially tuned, and the photothermal signal 
that derives from a specimen is measured as a function of the frequency based on 
amplitude and, in particular, its phase. The evaluation in terms of two or more 
unknowns (for example, layer thicknesses) can thereby generally not be implemented 
in closed analytical form since an "inverse problem" is present here. This is 
equivalent to saying that the solving of the equation system for an unknown is not 
possible without further ado. 

Disadvantages of the methods belonging to the Prior Art are comprised, 
for example, therein that the sequential tuning of the modulation frequency of the 
modulatable heat source lasts a long time. 

The invention is based on the object of offering a thermal wave measuring 
method with which a significant speed-up of a corresponding measurement and 
evaluation can be achieved. A critical goal is comprised in the use of a fast thermal 
wave measuring method for monitoring layering structures in ongoing production. 

This object is achieved by the feature combination of claim 1. 

The invention is based on the perception that the heat source employed for 
the regional heating of a layer structure can be simultaneously driven with a plurality 
of different frequencies and the infrared radiation corresponding to the drive 
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frequencies can be simultaneously evaluated. Thus, specific supporting points can be 
determined from a characteristic for the sequential tuning of the heat source over the 
frequency, a specific plurality of different, discrete frequencies deriving therefrom. 
These are simultaneously employed for the drive of the heat source, so that the actual 
tuning of the heat source over the frequency is no longer implemented, a significant 
time-savings deriving therefrom. 

Further developments can be derived from the subclaims. 

In particular, a light-emitting diode (LED) or a laser diode can be 
advantageously utilized as heat source since they can be electrically amplitude- 
modulated. Fundamentally, all heat sources can be utilized that offer the possibility 
of an electrical modulation such that a multi-frequency excitation can be 
implemented. 

When a specific layer sequence is present at the surface of a specimen, 
then a subject-related setting of the drive frequencies can be advantageously 
undertaken at the heat source. The relationship applies that an increasing penetration 
depth into the layer structure accompanies dropping modulation frequency at the heat 
source. The selection of the drive frequencies can be advantageously set in 
conformity with a known layer structure. 

The target quantities, for example individual layer thicknesses, can be 
numerically determined with the approach of a regression analysis with non-linear 
formulation functions or, respectively, with a trainable neural network. Experimental 
or theoretical/analytical supporting values can thereby be employed as calibration 
values. 

Further advantageous developments can be derived from the subclaims. 
Further exemplary embodiments are described below on the basis of 
schematic Figures. 

Figure 1 shows a test setup for the implementation of a method according to the 
invention; 

Figure 2 shows the phase shift of reflected heat waves dependent on the drive 
frequency of a heat source; 
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Figure 3 shows reference and detector signal given a modulation of 10 Hz for two 

frequency generators (choppers); 
Figure 4 shows reference and phase signal given a modulation of 10 Hz for both 

choppers 1,2; 

Figure 5 shows reference and detector signal given a modulation of 40 and 20 Hz; 
Figure 6 shows reference and phase signal given a modulation of 40 and 20 Hz. 

The measuring time is drastically shortened as a result of the simultaneous 
multi-frequency excitation and simultaneous parallel interpretation in view of the 
various frequencies or, respectively, the different, reflected, corresponding infrared 
radiation. As a result of a suitable selection of the individual frequency parts, the 
frequency range of measurement in which the heat source is driven can thereby be 
exactly matched to the measurement problem. The simultaneous intensity modulation 
with two or more discrete frequencies onto an electrically modulatable heat source 
enables the parallel interpretation in a corresponding plurality of lock-in amplifiers. 
Instead, the signal interpretation can also ensue with a FFT or similar digital 
evaluation method such as correlation or fitting to a sine function upon utilization of a 
digital oscilloscope. 

A hot light source such as, for example, a laser diode or an LED is usually 
employed as heat source. Either regression analysis or a neural network can be 
utilized for evaluation following a corresponding plurality of lock-in amplifiers or a 
fast Fourier transformation. 

The critical feature of the invention is comprised in the simultaneity with 
which a heat source is driven with different frequencies. When, for example, three 
frequencies have been selected, then their sum supplies an analog signal with which 
the heat source is modulated. Corresponding evaluation is carried out for each 
frequency at the evaluation side. This occurs simultaneously. 

In a test setup corresponding to Figure 1, a standard specimen that is 
composed of a TiN layer on a glass lamina is measured. A heat ray output by a laser 
3 thereby heats the specimen by regions. The heat ray is divided after exiting the 
laser, whereby each of the two rays is supplied to a mechanical chopper 1, 2. When 
passing through the choppers 1 , 2, the two rays are modulated with different 
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modulation frequencies fl , f2 and are subsequently focused in common and directed 
onto the specimen 7. As a result thereof, it is also possible with mechanical 
modulation to simultaneously excite the specimen with two modulation frequencies. 
An electronic processing of the various frequencies is advantageous. After the 
5 detector signal 8 has been forwarded to two different lock-in amplifiers 10, 20, two 
phases 11,21 that can be displayed on a storage oscilloscope 13 are correspondingly 
obtained as result. The respective reference input 12, 21 of the lock-in amplifiers 10, 
20 is occupied with the modulation frequency of the choppers 1 or, respectively, 2. In 
order to adapt the two beam paths to one another, a phase-frequency curve is first 

10 registered, i.e. the frequency of both choppers 1, 2 is simultaneously tuned. The result 
is shown in Figure 2. It can be seen in Figure 2 that the frequency shift arises at 
approximately -45 ° with higher frequencies of more than approximately 20 Hz. This 
is true both for chopper 1 and for chopper 2. 

Figure 3 shows the results when both choppers 1 , 2 are permanently set to 

15 10 Hz and the detector signal 8 is measured. A frame with three particulars is 

respectively shown in the illustrations of Figures 3-6 to the left next to each signal 
curve. The first two particulars therein denote the scaling on the axes of the storage 
oscilloscope. The first values states how many milliseconds between two markings in 
a box on the abscissa, on which the time is entered, denote [sic]. The second value 

2 0 states how many volts on the ordinate, on which the voltage is entered, the distance 
between two markings or, respectively, in a box amounts to. The third value 
represents the actual result, namely a specific voltage that, counted in volts or 
millivolts, can be converted, for example for an amplitude signal or a phase signal. 

Measured values for reference, phase and detector signal given a 10 Hz 

2 5 modulation of both choppers 1, 2 are respectively shown on Figures 3 and 4. The 

same presentations as in Figures 3 and 4 are employed in Figures 5 and 6, whereby, 
however, the modulation of the first chopper 1 amounts to 40 Hz and that of the 
second chopper 2 amounts to 20 Hz. 

The basis of the illustrated measured values and results according to 

3 0 Figure 4 contain [sic] that both choppers are permanently set to 10 Hz, and that the 

detector signal 8 is measured. The uppermost curve at the right represents the curve 
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of the pulse sequence at the chopper 1 . A complete oscillation thereby requires the 
length of two boxes or 5 respectively, twice 50 ms, so that a frequency of 10 Hz is 
present here. The same is true of the middle curve, which is present at the second 
chopper 2. The lowest curve represents the detector signal 8, which is an analog 
signal at first. In all three instances, the amplitude of the signal is respectively entered 
as third value in the juxtaposed frame, whereby this [sic], however, are selectable trial 
parameters. 

Figure 2 shows both the reference as well as the phase given a modulation 
of 10 Hz for both choppers 1, 2. The pulse frequency is identical to the frequency in 
Figure 3. The phase position of the choppers 1, 2 is nearly identical to -584 mV and 
-591 mV which, when converted, approximately corresponds to a phase shift of 60°. 
What thereby forms the basis is that 10 mV stands for 1 ° phase shift. Expressed in 
other words, the infrared wave or, respectively, heat wave reflected back from the 
specimen 7 has a phase position that lags behind the phase of the laser signal by 60°. 

Figure 5 and 6 show signals corresponding to Figures 3 and 4. This time, 
however, the first and second chopper 1, 2 are modulated on different frequencies. 
The first chopper 1 respectively comprises a pulse frequency of 40 Hz, and the second 
chopper 2 comprises a pulse frequency of 20 Hz. The detector signal 8 is again a 
result signal superimposed of a plurality of signals that is converted via the signal 
processing applied in the method. Corresponding to the second and fourth signal in 
Figure 6, the phase position for the two drive frequencies is also approximately the 
same for the case illustrated in Figures 5 and 6. 

It can thus be documented by the measurements that it is possible to also 
correctly obtain the phase when the specimen is simultaneously modulated with two 
different frequencies instead of tuning the modulation frequency (chirp) as hitherto. 

The measurement with the described mechanical choppers represents only 
one embodiment, whereby the modulation of laser diodes or, respectively, of LEDs 
with a plurality of frequencies simultaneously is planned. Over and above this, the 
planar illumination of the specimen 8 can be optimized with appropriate devices, as 
can the image registration with a camera arrangement. The basis thereby continues to 
be formed by the principle that the measuring time is shortened by simultaneous 
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multi-frequency excitation and by simultaneous parallel evaluation of the different 
frequencies. 

When it is required to simultaneously determine the geometrical and 
thermal parameters of a multi-layer structure, then this may not be possible with 
traditional calculating methods. An analytical formula for the phase dependent on the 
thermal and geometrical parameters as well as on the modulation frequency can be 
specified. When, however, this is to be solved for the quantities characterizing the 
multi-layer structure, then this is not possible analytically. This means that there is an 
"inverse problem". The interpretation can then ensue on the basis of numerical 
methods such as, for example, regression analysis or with a neural network, which 
represents and automation of the determination of the material parameters and 
involves a higher precision and a time-savings. Moreover, the possibility is opened 
up of theoretically describing arbitrary layer structures to be photothermally measured 
and of determining their thermal and geometrical properties. 



